We have measured the melting curve of neon to 54.5 kbar and 328 K using a diamond-anvil cell. The measured points together with earlier low-pressure data are fitted accurately with a Simon-Glatzel function. Theoretical calculations of the melting curve using lattice dynamics and variational fluid theory with exponential-six potentials fitted to solid isotherm data are in good agreement with the experimental data. The law of corresponding states is tested for the melting curves of He, Ne, and Ar, and is found to be obeyed.
I. INTRODUCTION
Melting is a phenomenon that is still under intensive investigation.'-' Although the thermodynamic basis of phase equilibrium is well understood, the accurate prediction of melting curves provides a severe test for statisticalmechanical theories and our knowledge of intermolecular potentials. Recent advances in the diamond-anvil cell method have extended accurate measurements of isotherms and melting curves to higher pressures and have given a new impetus to the study of melting.
Previous theoretical stuclies have shown that the intermolecular potentials which are obtained by fitting solid isotherm data can be used with theoretical models to correctly predict melting curves. 3-5 The interaction of rare-gas atoms at high density is well described by an exponential-six potential with a stiffness parameter a = 13.0-13.2. As a consequence, all of the properties of these elements may be scaled to universal functions and the melting curves can be placed on a reduced plot, with the exception of helium over the range in which quantum effects are significant.
Thus from the point of view of melting, the most interesting elements are the rare gases and of these the most important are helium and neon, which can achieve the highest reduced temperatures and pressures. In a recent paper, Vos et aL6 reported measurements of the melting curve of helium up to 240 kbar and 460 K. Thep-Tmelting curve of neon has been measured by Crawford and Daniels7 up to 10 kbar and a single point at room temperature was obtained by Finger et al.* The melting curve of argon has been measured to 60 kbar and 717 K. ' In this paper we present new measurements of the melting curve for neon up to 54.5 kbar and 328 K. These measurements are in good agreement with theoretical calculations using intermolecular potentials fitted to the various solid and fluid isotherm da1.a. We also show that the elements He, Ne, and Ar obey a corresponding states scaling of their melting curves over the classical regime.
II. EXPERIMENTAL METHOD AND RESULTS
The experiments were performed in a diamond-anvil cell (DAC) described previously.' The well-known ruby pressure scale is used with a pressure coefficient taken as 0.0366 nm/kbar." Heating was accomplished through an electrical coil wound on a cold finger that is connected to a copper ring surrounding the cell.
Two sets of experiments were performed with gaskets made of K monel. The temperature dependence of the ruby lines was measured at ambient pressure before and after each set of experiments and the average was taken. The ruby was illuminated with an argon-ion laser (SP-162) at beam powers below 10 mW to prevent heating. We estimate the error in the absolute value of the pressure to be about 0.4 kbar, but the relative error is much smaller. The gas used was of research grade with a purity better than 99.998%.
The sample space was loaded by mounting the DAC in a high-pressure vessel and pressurizing it with neon. The cell was closed at a pressure of a few kbar and placed in the main frame for further pressurizing the sample. The temperature was measured with a calibrated platinum resistance thermometer. We estimate the accuracy of the temperature measurement to be better than 0.5 K. The temperature range was limited because at the time of the experiment, the DAC setup was not suitable for temperatures above 330 K.
The detection method used is quasi-isochoric scanning. l1 In this method, the temperature ofthe DAC is varied in steps of about 1 K and the pressure is measured at every temperature. We waited 15 min for temperature equilibrium. In order to check that the equilibrium was obtained, some runs were performed with increasing as well as decreasing temperature. No difference was observed. Although we were able to observe the phase equilibrium visually, it was difficult, since there was hardly any difference in the refractive index of the solid and fluid phases. They could only be distinguished due to the presence of an interface. Therefore, all data points were taken with the quasi-isochoric scanning method. An example of such a scan is shown in Fig. 1 . At low temperature, the pressure is nearly constant in the solid phase. Then, the pressure increases due to melting and, finally, it is again nearly constant in the fluid phase. The small jump at 283 K is caused by a slight undercooling, since this scan was taken with decreasing temperature. The undercooling was always small ( < 5 K), in contrast to our experience with other substances. Since many data points were obtained, we have listed only the midpoints of the transition in Table I for 
It was not possible to fit a normal SG equation to all data including those of Crawford and Daniels within experimental accuracy. This can also be appreciated from the fact that an extrapolation of the unmodified SG equation fitted by these authors deviates about 2 kbar at our highest experimental point. Therefore, we followed the suggestion of Crawford and Daniels that a normal SG equation fits well at reduced pressuresp* = pd /E larger than 15, where u is the distance of the zero crossing of the potential. With neon, this corresponds to a pressure of about 3 kbar. Indeed, an unmodified SG equation can be fitted to all data points at pressures above 3 kbar, yielding p(kbar) = 0.012 062x T(K) '.4'87 -1.478 (2) with a standard deviation of 0.3 kbar. This curve is shown in Fig. 2 . However, it should be observed that at high temperatures, a modified SG equation reduces to a normal SG equation, since T becomes much larger than the accompanying constant term.
ill. THEORETICAL
The theoretical calculation of the melting curve of neon was performed by the same method previously used in the study of hydrogen3, helium4, and argon.5 Here the solid free energy is computed as the sum of the quasiharmonic lattice dynamics and classical plus quantum anharmonic contributions, and the liquid free energy is computed from the softsphere variational theory with a Wigner-Kirkwood quantum correction. The intermolecular potential used in the calculations is an exponential-six potential
where E is the well depth, r,,, is the position of the potential minimum, and a is the stiffness parameter. The three adjustable parameters e, r,,, , a are fitted to the available experimental isotherms.8*12-'4 There are data from three experi- The best overall fit was obtained with dk = 42.0 K, rm = 3.18 A, and a = 13.2, which is shown in Fig. 3 . As can be seen, the fit predicts pressures which are too high for the low-pressure range and slightly too low for the high-pressure range. An accurate fit to low-pressure fluid p-V and sound- speed data was given by Kortbeek and Schouten" with E/k = 36.486 K, r, , , = 3.121 A, and a = 14.660 . This potential gives a better fit to low-pressure Ne thermodynamic data and remains good even up to 250 kbar in the solid state, but deviates, as expected for a large value of a, from the highestpressure isothermal data. The melting curves calculated using both potentials are compared with experimental data in Fig. 2 . It is seen that the Kortbeek (a = 14.66) potential gives a better fit to experiment at low pressures, but that the overall fit (a = 13.2) is better at the higher melting pressures. It is clear from this that the accuracy of the predicted melting curves reflects the accuracy of the potential fits to the isothermal data. The solidus volume V, has been measured up to 53.5 K and the liquidus volume V, up to 33 K for Ne.16 The a = 14.660 potential is clearly better at low pressures. At the triple point (T = 24.55 K), the experimentally determined liquid and solid volumes'6 are 16.18 and 14.17 cm3/mol, while the a = 14.660 potential yields 16.40 and 13.90 cm3/mol and the a = 13.2 potential 17.71 and 14.77 cm3/mol. The predictions using the two potentials converge near 200 K. The theoretical melting results for the two calculations are listed in Tables II and III. The availability of high-pressure isotherms and melting data for He, Ne, and Ar provide an opportunity for testing the theory of corresponding states. The melting curves of these elements have now been calculated with exp-6 potentials with a varying between 13.0 and 13.2. The constancy of the stiffness parameter a indicates that the properties of the three elements "correspond." This can be checked by scaling the He and Ar data by ratios to bring them onto the Ne temperature and pressure scales. For example, the Ar melting pressures and temperatures may be scaled to those of Ne by the expressions
and The present theoretical results show that given an accurate representation of the rare-gas intermolecular potentials, the models of the solid and liquid phases used here are capable of predicting accurately the melting curves. The corresponding-states results suggest further that the meltingcurve calculations may be extended to very high pressures and temperatures with confidence.
The scaled Ar and He melting curves are compared with the Ne data in Fig. 5 . The scaled Ar experimental and theoretical melting data coincide with the Ne data, showing that these two elements accurately obey a corresponding states relationship, at least over the range O-60 kbar. The He melting data of Vos et ~1.~ fall only slightly below the Ne and Ar data.
The close agreement between the experimental He and theoretical Ar curves in Fig. 5 suggests that the predicted Ar melting curve is indeed accurate even at very high pressures and temperatures. This is consistent with the fitting of the Ar potential to high-pressure solid data to 800 kbar and hightemperature liquid shock-wave measurements to 12 000 K.'
IV. CONCLUSIONS
The quasi-isochoric scanning method was successful in measuring the Ne melting curve up to 54.5 kbar. The new high-pressure data smoothly join the older data and a SG fit is found to be a good representation of the melting curve. The high-pressure data now available for He, Ne, and Ar provide a useful data set for testing melting theories and the Over the past decade, there has been considerable interest in the density functional theory (DFT) of melting. While this theory is intellectually appealing and has been applied successfully to the hard-sphere system, the application to real systems has been disappointing." The present method of equating free energies accurately determined by well-established solid and liquid models is more reliable and much easier to use than the rigorous DFT with the necessary thirdorder corrections.
